The generation of viable sperm proceeds through a series of coordinated steps, including germ cell self-renewal, meiotic recombination, and terminal differentiation into functional spermatozoa. The p53 family of transcription factors, including p53, p63 and p73, are critical for many physiological processes, including female fertility, but little is known about their functions in spermatogenesis. Here, we report that deficiency of the TAp73 isoform, but not p53 or ∆Np73, results in male infertility due to severe impairment of spermatogenesis. Mice lacking TAp73 exhibited increased DNA damage and cell death in spermatogonia, disorganized apical ectoplasmic specialization, malformed spermatids, and marked hyperspermia. We demonstrated that TAp73 regulates the mRNA levels of crucial genes involved in germ stem/progenitor cells (CDKN2B), spermatid maturation/spermiogenesis (metalloproteinase and serine proteinase inhibitors), and steroidogenesis (CYP21A2 and progesterone receptor). These alterations of testicular histology and gene expression patterns were specific of TAp73 null mice and not features of mice lacking p53. Our work provides the first in vivo evidence that TAp73 has a unique role in spermatogenesis that ensures the maintenance of mitotic cells and normal spermiogenesis. These results may have implications for the diagnosis and management of human male infertility.
/body Introduction
In Western countries, ~20% of couples experience infertility, and half of these are attributed to defective spermatogenesis in the male. Spermatogenesis occurs in the testes in a sequence of coordinated steps (1) .
Spermatogonial germ cells located on the basement membrane of the seminiferous tubules undergo either self-renewal or mitotic division to generate primary spermatocytes. Primary spermatocytes undergo a first meiotic division to generate secondary spermatocytes, which then enter a second meiotic division to yield four haploid, round-shaped spermatids that each develop and elongate through the process of spermiogenesis into mature spermatozoa anchored near the central lumen of the seminiferous tubules. During spermiogenesis, an acrosome is formed at one pole of the spermatid to form the sperm head, while the flagellum extends from the opposite pole and, subsequently, elongates into the sperm tail. Mature spermatozoa are released into the lumens of the seminiferous tubules and travel to the epididymides, where fully functional sperm are stored.
Spermatogenesis is regulated by stromal cells and steroid hormones. Two main somatic cell types supporting spermatogenesis are Sertoli cells and Leydig cells. On the basement membrane, germ cells associate with Sertoli cells to obtain the nutrients, hormones and other molecules required for sperm maturation. Adjacent Sertoli cells are joined by tight junctions to form the basolateral blood-testes barrier (BTB), which prevents large molecules from passing from the blood into the seminiferous tubules.
Secondary spermatocytes eventually transit across the BTB and cluster at a more apical region near the seminiferous tubule lumen called the apical ectoplasmic specialization (ES). The apical ES is an actin-based 6 junction that anchors elongating spermatids to Sertoli cells. The apical ES is important for spermiogenesis because it prevents spermatids and spermatozoa from entering the seminiferous tubule lumen until they are fully differentiated (2) .
The Leydig cells are stromal cells that are located between the seminiferous tubules and secrete androgen steroid hormones. Among these are the gonadotropins, which regulate spermatogenesis so are important for male fertility. Luteinizing hormone stimulates Leydig cells to secrete androgens, including testosterone. This testosterone combines with follicle-stimulating hormone to stimulate Sertoli cells to carry out their spermatogenesis-promoting functions. Thus, Sertoli cells and Leydig cells, as well as the integrity of the BTB and apical ES, are critical for efficient spermatogenesis (2, 3) .
Meiotic recombination is a complex process, and a large number of genes involved in DNA double-strand break formation/repair, DNA recombination, cell cycle, and aneuploidy participate in spermatogenesis. These processes involve the p53 family of transcriptional factors, namely p53, p63 and p73, with their isoforms and distinct functions. For example, each of the Trp63 and Trp73 genes can be transcribed from two alternative promoters to produce two major isoforms, only one of which contains the transcription transactivation (TA) domain. For p73, these isoforms are designated TAp73 (contains the TA domain) and ∆Np73 (lacks the TA domain) (4). In general, p53, TAp63, and TAp73 activate distinct target genes, whereas ∆Np63 and ∆Np73 may act as dominant negative inhibitors by heterodimerizing with the TA isoforms or by selectively blocking the responsive elements. Structurally, p53, p63, and p73 are highly homologous in sequence and possess a DNA-binding domain (DBD) and an oligomerization domain (OD), in addition to the TA domain. Due to this similarity, their transcriptional profiles partially overlap in the 7 regulation of several cellular processes (4). However, each p53 family member exhibit distinctive functions.
For instance, TAp73 1) ensures mitotic progression and the accuracy of chromosomal segregation by regulating the spindle assembly checkpoint (5, 6); 2) fine-tunes the activation of the DNA damage response (7); 3) sustains stem cell renewal (8, 9) ; and 4) regulates responses to oxidative stress by influencing mitochondrial respiration (10) .
A role for the p53 family members in the maintenance of maternal fertility has been reported (11), but little is known about their functions, if any, in male fertility. Our previous work showed that, unlike p53 KO and ∆Np73KO mice (7, 12) , most TAp73 KO mice showed male infertility (5), implying a specific requirement for TAp73 in male germ cells. Here we provide in vivo evidence of TAp73 in spermatogenesis.
Results

Loss of TAp73 in mice results in severe male infertility influenced by genetic background and age
We previously reported that almost all TAp73 KO male mice (9/10) were infertile (5). To determine whether TAp73 is required in germ cells, we crossed wild type (WT) C57BL6 females to WT or TAp73 KO male mice of the C57B6/sv129Ola mixed genetic background, or TAp73 KO male mice representing F1, F6 or F9 backcrosses of these mice into the C57BL6 background. The percentage of females plugged was similar for WT and TAp73 KO male mice regardless of genetic background (WT, 90-100%; TAp73 KO, 80-100%), suggesting that the neuronal phenotypes (5), including pheromonal defects (13), previously described in TAp73 KO mice have no effect on mating capacity (Suppl. Table I ). However, fewer TAp73 KO mice (0-50%, depending on age) were able to father litters (Suppl. Table I) , and the average litter size for TAp73 KO males was 40-73% smaller than WT controls (Suppl. Table I ). Male TAp73 KO mice of a pure C57BL6 (F9 backcross) had a less severe defect in fertility (30-50%) than male TAp73 KO mice of a mixed F1 or partially pure C57BL6 (F6) background (0-40%). These findings indicate that the effect of TAp73 loss on fertility depends, at least in part, on genetic background and that TAp73 is important, but not absolutely required for the fertility because a subset of the TAp73 KO mice were fertile. Control examinations of p53 KO and ∆Np73 KO mice (F9, C57BL6) (Suppl. Table I) confirmed previous reports that these mutants show normal male fertility (7, 12) . Interestingly, the infertility of TAp73 KO males became more severe with age regardless of genetic background. Among C57BL6 (F6) mice, about half (6/10) of 7-week-old TAp73 KO males were infertile, whereas 100% of older (11-and 16-week-old) TAp73 KO males were infertile (Suppl. Table I ). Thus, male infertility associated with loss of TAp73 increases in an age-dependent fashion, consistent with the overall acceleration of aging previously described in TAp73 KO mice (10) .
Loss of TAp73 impairs spermatogenesis
To gain insight into the mechanism underlying TAp73 KO male infertility, we initially compared the testes of WT and TAp73 KO males. Regardless of genetic background, TAp73 KO testes weighed significantly less than WT testes (Fig. 1A) and exhibited a dramatic decrease in sperm number (Fig. 1B) . Residual sperm of TAp73 KO mice showed reduced motility compared to controls (Suppl. Table I ), suggesting that they were not functional. When we examined the histology of seminiferous tubules and epididymides in the mutant testes, very few sperm were detected in TAp73 KO epididymides (Fig. 1C) . Although the number of seminiferous tubules in the testes was comparable among 11-week-old WT, TAp73 KO, and ∆Np73 KO mice, seminiferous tubules lacki ng elongated spermatids or mature spermatozoa were observed only in TAp73 KO testes (Fig. 1D and Suppl. Fig. 1 ). The number of Leydig cells between seminiferous tubules was also decreased in mutant testes ( Fig.   1D , arrowheads). These results confirm that male infertility is associated only with loss of the TAp73, and is primarily due to an absence of mature sperm.
Further histopathological assessment of TAp73 KO testes revealed multifocal/segmental seminiferous tubular degeneration, along with hypospermia (Suppl. Fig. 2 ). Most TAp73 KO seminiferous tubules were characterized by an epithelium comprised of Sertoli cells and 1 or 2 layers of germ cells/spermatocytes, but some lacked germ cells as well as maturing spermatocytes. Although synchronous maturation was apparent in some tubules, it was limited to early stage round spermatids (Suppl. Fig. 2A ), with only a few interspersed elongating spermatids and mature spermatozoa being present (Suppl. Fig. 2B ). Scattered apoptotic germ cells were detected in the epithelial layer (Suppl. Fig. 2C ). These histological alterations were not observed in the ∆Np73 KO testes (Suppl. Fig. 2D ). Consistent with our litter size data, the histological alterations observed in TAp73 KO testes were more marked in aged (36-week-old) males. Compared to WT controls, these mutants showed marked reduction in germ cells within the seminiferous tubules and almost no cells in tubule lumens (Suppl. Fig. 2E , F).
We next subjected TAp73 KO testes to ultrastructural examination by electron microscopy. The regions of the TAp73 KO seminiferous tubules devoid of spermatids were lined by a thin, stratified epithelium comprised of morphologically normal cells. Areas containing spermatids were much less common but exhibited a much deeper epithelium. The basal ES of the mutant BTB appeared normal and surrounded the lower lateral membranes of the Sertoli cells (Fig. 1E ). However, we were intrigued to observe that the apical ES layers of the epithelium were disorganized and populated by numerous malformed spermatids (Fig. 1F ).
Many of these spermatids contained several intact and/or fragmented tails. These abnormalities did not affect the structure of constituent axonemes but were consistent with a lack of normal motility. The very few Leydig cells present between the seminiferous tubules of TAp73 KO testes (Fig. 1D, arrowheads) .
Taken together, our histological and ultrastructural analyses indicate that TAp73 KO male infertility is due to failed spermatogenesis. Moreover, the profile and timing of the histological abnormalities we observed are consistent with the pattern of impaired fertility in TAp73 KO males.
Loss of TAp73 decreases serum progesterone
Steroid hormones regulate spermatogenesis, and reduced testosterone is associated with male infertility (3).
As Leydig cells are essential sources of steroid hormones during spermatogenesis, and we had found reduced numbers of Leydig cells in TAp73 KO testes, we measured serum hormone levels of 36-week-old TAp73 KO mice and littermate controls. TAp73 deficiency did not have a significant effect on serum levels of most steroid hormones, including testosterone and cholesterol (Suppl. Fig. 3A, C) . However, there was a statistically significant reduction in progesterone in the serum of TAp73 KO male mice (Suppl. Fig. 3B ).
Serum levels of triglyceride were also decreased by loss of TAp73 (Suppl. Fig. 3F ). We performed quantitative RT-PCR (qPCR) to analyze mRNA levels of numerous steroidogenesis-related genes (Suppl. 
Loss of TAp73 decreases proliferation and increases DNA damage and apoptosis of germ cells
To gain further insights into TAp73-mediated regulation of spermatogenesis, we performed immunohistochemical analysis of TAp73 to detail its cellular localization within the testes. TAp73 is expressed in most testicular cells, with particularly high levels in the cytoplasm of spermatogonia and nuclei of spermatids, raising the possibility that TAp73 plays roles in particularly spermatogonia and spermatids (Fig. 2A) . To gain cellular insight into the mechanism by which TAp73 promotes male fertility, we performed histochemical examinations of markers of spermatid (protamine 1), proliferation (Ki67), apoptosis (TUNEL), and DNA damage (γH2AX) in testes from WT and TAp73 KO littermates. Protamine 1 staining was observed in spermatids in WT, but not the TAp73 KO testes, indicating that spermatids are reduced in the TAp73 KO testes (Fig. 2B) . While normal spermatogonial germ cells are capable of Ki67 + proliferation, differentiated germ cells are not. Ki67 staining was significantly reduced in TAp73 KO testes compared to controls, indicating that loss of TAp73 impairs spermatogonial proliferation (Fig. 2C, D) . In addition, both TUNEL staining (Fig. 2E, F ) and γH2AX staining (Fig. 2G, H) were enhanced in TAp73 KO testes compared to controls. These data suggest that the impaired male fertility in TAp73 KO mice arises at least in part from defects at both the pre-and post-meiotic stages of spermatogenesis.
The infertility in TAp73KO male mice is not due to impaired responses to oxidative stress
The increase in cell death and DNA damage in TAP73 KO testes prompted us to consider whether the mutants might have defective stress responses. We previously reported that, in absence of TAp73, decreased expression of the mitochondrial gene cytochrome C oxidase 4 subunit 1 (Cox4i1) leads to defective mitochondrial function and consequent accumulation of oxidative damage and senescence markers in tissues of aged TAp73 KO mice (10) . We therefore investigated whether TAp73 KO testes suffered from a similar defect in oxidative metabolism. As expected, TAp73 KO testes showed an increase in the expression of the senescence marker CDKN2B/p16 and a significant decrease in Cox4il (Suppl. Fig. 5A ). However, when we performed immunohistochemical analysis to detect 8-hydroxy-2'deoxyguanosine (a marker of oxidative DNA damage), we could not find any difference between WT and TAp73 KO testes (Suppl. Fig. 5B ).
Moreover, comparative qPCR analysis of mRNA levels in WT and TAp73 KO testes revealed that the mutant showed no upregulation of oxidative stress response genes, including NRF2, NQO1, HO-1, GCLC, and GCLM (Suppl. Fig. 5A ).
To examine oxidative stress responses in vivo, 3-week-old WT and TAp73 KO littermates were supplied with drinking water containing (or not) the antioxidant N-acetyl-L-cysteine (NAC). After 13 weeks, all TAp73 KO mice (5/5) that had been given normal water exhibited the expected infertility (Suppl . Table II) .
Interestingly, all TAp73 KO mice (4/4) that had been provided with water containing 10 mg/ml NAC for 13 weeks were also infertile (Suppl . Table II) . Thus, although other tissues of TAp73 KO mice exhibit oxidative damage, and the expression of Cox4il is reduced in TAp73 KO testes, this tissue sustained no significant oxidative damage in the absence of TAp73. We conclude that oxidative stress does not play a major role in the infertility of TAp73 KO males.
Loss of TAp73 alters critical mRNA expression patterns during spermatogenesis
To molecularly characterize the defect in spermatogenesis in TAp73 KO testes, we performed qPCR to detect the expression of markers specific for each cell type involved in this process. Expression levels of CDH1 and Plzf mRNAs, which are markers of spermatogonia, were slightly but not significantly reduced in TAp73 KO testes (Fig. 3A) . However, more severe decreases were observed for mRNAs of Dmc1 and Id2, which are markers of spermatocytes, and Pgk2 and Prm1, which are spermatid markers (Fig. 3A) . These data are consistent with our histological and ultrastructural findings, and indicate that loss of TAp73 affects gene transcription required for spermatogenesis.
Microarray analysis using samples from both human subjects and infertile mouse models suggested that a number of genes, including those related to proteolysis, are important for male fertility (14) . Also, as cell adhesion/migration proteins, metalloproteinases and serine proteinase inhibitors are all important for spermatogenesis and spermatid maturation (spermiogenesis) ( 2, 15, 16) , we used qPCR to compare the mRNA levels of several genes encoding these proteins in WT and TAp73 KO testes. In keeping with the results of the microarray analysis (14) , S100 calcium-binding protein A10 (S100A10) was upregulated in TAp73 KO but not p53 KO testes (Suppl. Fig. 6 ). No changes in the expression of genes involved in cell adhesion were observed (Suppl. Fig. 7 ), but the mRNAs of several serine proteinase inhibitors, including SPINK2 and SPINT1, were significantly downregulated in TAp73 KO testes (Fig. 3B) . Strikingly, no such suppression of serine proteinase inhibitors was observed in parallel examinations of p53 KO mice (Fig. 3D ).
An even greater reduction was observed in the mRNA levels of several metalloproteinase genes, including several members of the "a disintegrin and metalloproteinase" (ADAM) family and numerous matrix metalloproteinases (MMPs) (Fig. 3C) . In contrast, mRNAs for metalloproteinase inhibitors, including TIMP1 and TIMP4, were significantly upregulated in the absence of TAp73 (Fig. 3C) . Of note, these changes were specific for the TAp73 isoform, as the vast majority of ADAM, MMP, TIMP and SERPIN molecules were largely unaffected by loss of p53 (Fig. 3D ).
ADAM17 and MMP13 were direct target genes of TAp73
To confirm if TAp73 directly regulates expression levels of ADAM, MMP, TIMP and SERPIN, we initially utilized the SAOS-2 TAp73β, ∆Np73, and p53 tet-on inducible cell lines (Fig. 4A) . Doxycyclin-induced expressions of TAp73β, not ∆Np73 or p53, increased mRNAs levels of MMP13, SPINK2, and SPINT1, and decreased mRNA levels of CYP21A2 and TIMP4. We searched for potential p53 family binding sites using Matinsspector and identified consensus binding sites (p53BS) in the promoter sequences of ADAM17 and MMP13 genes (Fig. 4B) . Chip analysis showed that overexpressed TAp73β binds not only to p21 and MDM2 (positive controls) but also to one of p53 binding sites (BS2) of ADAM17 and MMP13 (Fig. 4C) .
Discussion
TAp73 is the only p53 family member linked thus far to male fertility. In this study, we used TAp73 KO mice to show that: i) TAp73 is required for efficient spermatogenesis and particularly for the maintenance of spermatogonia, the differentiation of matured spermatids; and ii) TAp73 controls the expression of genes involved in germ cell senescence, spermiogenesis, and steroidogenesis. Hence, TAp73 is a central controller of male germ cell differentiation and a "guardian of male fertility".
Despite the high degree of structural homology among the p53, TAp63, and TAp73 proteins, the phenotypes of p53 KO, p63 KO, ∆Np73 and TAp73 KO mice are clearly different, suggesting that each isoform of each family member can have unique functions. For instance, while p53 KO mice develop normally (17) , p73 KO mice show neurological and immunological defects (13) . In our study, we identified decreased serum progesterone in TAp73 KO males, as well as increased DNA damage and cell death in TAp73 KO spermatogonia and severely impaired spermiogenesis. Unlike p53, which is expressed primarily in spermatocytes but not in spermatogonia, Leydig or Sertoli cells (18) , we showed that TAp73 is expressed in all testicular cells, with particularly high levels in spermatogonia and spermatids ( Fig. 2A) , which is a largely consistent with previous reports (19, 20) . These findings could partially explain why we observed extensive DNA damage and apoptosis of spermatogonia (Fig. 2E-H) , as well as defective spermatid maturation, in testes of TAp73 KO mice but not in testes of p53 KO mice. The increased DNA damage in spermatogonia could be due to defects to regulate its target genes and bind to 53BP1 as we previously reported (7) . In contrast to role of TAp73 in etoposide-induced apoptosis in GC2 cells (a murine spermatocyte cell line) (20) , TAp73 plays anti-apoptotic roles in spermatogonia, suggesting that the roles of TAp73 in apoptosis may be context dependent.
Testosterone is a steroid hormones that is synthesized by Leydig cells and stimulate Sertoli cells to support spermatogenesis (21) . As we observed reduced numbers of Leydig cells in the TAp73 KO testes, we measured serum hormone and metabolite levels (Suppl. Fig. 3) . We found that levels of progesterone, but not testosterone, were decreased in TAp73 KO mice. Concomitantly mRNA levels of CYP21A2, which encodes 21-hydroxylase, were upregulated in the testes of these mutants (Suppl. Fig. 4A ). 21-hydroxylase catalyzes conversion of progesterone to 11-deoxycorticosterone, triggering aldosterone synthesis (22) . Thus, an increase in 21-hydroxylase activity could accelerate progesterone conversion and, at least partially, account for the lower progesterone levels observed in TAp73 KO mice. However, testosterone also can be synthesized from androstenediol by 3β-hydroxysteroid dehydrogenase in a progesterone-independent manner, and the lower progesterone levels observed were not associated with lower testosterone levels in the TAp73 KO. Although progesterone influences sperm function within female reproductive tract (ie. acrosome reaction), there is no evidence of a crucial role for progesterone, nor for triglyceride, in spermatogenesis.
Interestingly, we also observed that progesterone receptor (PR), but not androgen receptor, was upregulated in TAp73 KO testes (Suppl. Fig. 4B ). The PR knockout mice show increased sperm production (23) , suggesting that the upregulation of PR in the TAp73 KO testes could be associated with defective spermatogenesis.
In this study, we found that loss of TAp73 (but not p53) affected the expression of numerous genes reportedly involved in stem cell senescence (CDKN2B), spermiogenesis (MMPs, ADAMs, SERPINs and TIMPs), and steroidogenesis (CYP21A2 and progesterone receptor). Importantly, gene expression profiles using human clinical samples supports the importance of SERPINs and TIMPs in male fertility (14) . These deficits likely make a major contribution to the infertility of TAp73 KO males, and establish that TAp73 has a specific role in gene expression associated with male fertility.
Our gene expression data may explain the ultrastructural anomalies of TAp73 KO testes. The apical ES layers were disorganized in TAp73 KO males. Cells of the apical ES are located between elongating/elongated spermatids and Sertoli cells, and anchor the spermatids until they can complete their maturation. In TAp73 KO testes, we observed a disorganized apical ES populated by malformed spermatids.
Although the apical ES is an actin-based adhesion junction, other adhesion junctions are composed of other proteins (2) . For instance, the laminin α3, β3, and γ3 chains are localized with spermatids and form adhesion junctions with α6β1-integrin expressed by Sertoli cells at the apical ES. Laminin is an MMP substrate, and laminin must be cleaved by these enzymes to generate biologically active peptides that mediate cell adhesion or migration (2) . We found that MMPs were deregulated in the absence of TAp73, which may explain the disorganized apical ES and malformed spermatids in TAp73 KO males. In more detail, Chip analysis showed that MMP13 and ADAM17 are novel TAp73 target genes, although TAp73 affects mouse ADAM17 expression in testes, but not human ADAM17 in Saos-2 cells. This result might be due to the lack of critical transcriptional cofactors expressed specifically in testis. On the other hand, p73 regulates MMP13 expression positively in Saos-2 cells (Fig. 4A ), but negatively in mouse testes (Fig. 3) . In contrast to the human gene, the first 1Kb of mouse MMP13 promoter does not include any p53-family binding sites, according to MatInspector software (Suppl. Fig. 8 ). However, analysis showed that p73 might still be able to directly regulate mouse MMP13, binding a predicted binding site localized after the TSS (transcriptional 19 starting site). This dissimilarity in human and mouse MMP13 might underlie differential control exerted by p73 in our human cell lines and mouse testes.
Another gene group affected by loss of TAp73 was the Serpin family of serine proteinase inhibitors.
Serpins have multiple functions, including tissue remodeling and maintenance of fertility. For instance, SERPINEA5 KO mice show a severe defect in spermatogenesis due to disorganization of BTB (24), while SPINK2 mutant mice exhibit increased germ cell apoptosis and impaired fertility (25) . We believe that loss of Serpin functions due to a lack of TAp73 could affects on spermatogenesis defects. How TAp73 uniquely regulates a number of spermatogenesis-related genes should be elucidated. In conclusion, our findings reveal an important role for TAp73 in supporting male fertility that is not shared by other p53 family members or even other p73 isoforms. P53 and p63 are proposed to be guardians of the genome and female germ cells, respectively (11, 26, 27) . Here, we propose TAp73 is "a guardian of male germ cells" regulating primarily mitotic proliferation and spermiogenesis, offering novel molecular mechanisms to understand the etiology of human male infertility.
Materials and Methods
Fertility, sperm numbers and motility, histology and immunohistochemistry, NAC administration, electron microscopy, cell lines, Chip, and measurement of metabolites in serum are described in Supplemental Information.
Mice
The generation of TAp73, ∆Np73, and p53 KO mice has been previously described (5, 7, 28) . All breedings were approved by the University Health Network Animal Care Committee (UHN-ACC) (ID: AUP985).
Real-time quantitative RT-PCR
All procedures have been previously described (29) . Primer sequences used for real-time RT-PCR are listed in Suppl. Table III 
